Cotesia vestalis (Haliday) is an endoparasitoid of Plutella xylostella (L.) larvae and injects a polydnavirus (CvBV) into its host during oviposition. In this report we describe the characterization of a gene (CvBV805) and its products. CvBV805 is located on the segment S8 of CvBV genome; it has a size of 909 bp and encodes a predicted protein of 125 amino acids. This protein contains an ankyrin repeat domain with a high degree of similarity with IκB-like genes. Gene transcripts were detected in extracts of the host as early as 2 h post-parasitization (p.p.) and continued to be detected through 24 h. Tissue-specific expression patterns showed that CvBV805 might be involved in early host immunosuppression. CvBV805 was detected in parasitized hosts at 12 h p.p. and in rBac-eGFP-CvBV805-infected Tn-5B1-4 cells at 72 h.p.i. by using western blots analysis. The size of the protein expressed in the host hemocytes and infected Tn-5B1-4 cells was 17 kDa and 56 kDa (including eGFP), respectively, which nearly corresponded with the predicted molecular weight (14.31 kDa) of CvBV805, suggesting that the protein did not undergo extensive post-translational modification. The protein was confirmed to be present within the nuclear region in hemocytes of the parasitized P. xylostella larvae at 48 h p.p. using confocal laser scanning microscopy.
Introduction
Many hymenopteran parasitoids manipulate host physiology and biochemistry by parasitoid-associated factors such as polydnaviruses (PDVs), venom and teratocytes, among which PDVs play a major role in suppressing host immune system (Beckage and Gelman, 2004; Glatz et al., 2004) . More than 30,000 species of parasitoid wasps are thought to carry the PDVs, although only 50 species have been described systematically (Webb et al., 2000) . PDVs are a unique group of insect viruses because of their obligate and symbiotic associations with parasitoid wasps in the families Braconidae and Ichneumonidae, as bracovirus (BV) and ichnovirus (IV) genera, respectively (Kroemer and Webb, 2004) . They are so named in that their genome is polydisperse, containing a series of different circular DNAs (Turnbull and Webb, 2002) . During parasitization PDVs are injected along with eggs and ovarian proteins into their secondary hosts, where their immunesuppressive effects or pathogenic effects are exerted. PDV DNA is integrated into the wasp's chromosomal DNA and vertically transmitted between parasitoids in Mendelian fashion (Fleming and Summers, 1986; Stoltz, 1990; Stoltz et al., 1986) . The replication of PDVs is restricted to the wasp's ovary and does not occur in the parasitized host (Stoltz, 1993) . PDV gene expression is found in both host and parasitoid and thus PDV genes are classified into three classes, with class I genes expressed only in the parasitoid, class II genes expressed only in the parasitized lepidopteran host, and class III genes expressed in both parasitoid and host (Theilmann and Summers, 1988) . The evolution of PDVs is still unclear. Generally, it is thought that PDVs arose from a viral ancestor because the morphology and behavior of PDVs closely resemble some extant viruses (Turnbull and Webb, 2002; Whitfield and Asgari, 2003) . However, a new hypothesis suggests that PDVs are perhaps wasp-generated delivery systems or novel immunosuppressive organelle systems that are parts of an extended phenotype of the parasitoid wasp (Federici and Bigot, 2003; Glatz et al., 2004; Whitfield and Asgari, 2003) .
The endoparasitoid, Cotesia vestalis (Haliday) (Hymenoptera: Braconidae), is the major natural enemy of Plutella xylostella (L.) (Lepidoptera: Plutellidae), a cosmopolitan pest of cruciferous crops (Bai et al., 2003 (Bai et al., , 2005 . In some parasitoid systems, venom proteins are essential for PDV infection and gene expression. For instance, in Cotesia rubecula, a 1598-Da peptide (Vn1.5) isolated from venom is required for the expression of C. rubecula bracovirus (CrBV) in host hemocytes (Pieris rapae) (Zhang et al., 2004) . In previous studies, we demonstrated that calyx fluid from C. vestalis may play a major role in the suppression of the host immune system, whereas venom from C. vestalis has a limited effect on hemocytes and probably synergizes the effect of calyx fluid or C. vestalis polydnavirus (CvBV) (Yu et al., 2007) . We also isolated two genes, CvBV1 and CvBV2, which might be involved in early protection of parasitoid eggs from host cellular encapsulation .
Recently, most of the CvBV genome has been sequenced using Plasmid Capture System (PCS) based on Tn7 transposition, although segments over 30 kb were not amplified due to PCS restrictions (Choi et al., 2005) . CvBV shares some genetic similarity with the Cotesia congregata bracovirus (CcBV), the first BV genome to be fully sequenced . Molecular and morphological data suggest that bracovirusassociated parasitoid species constitute a monophyletic group, the microgastroid complex (Whitfield, 1997) . It is estimated that the ancestor of this lineage lived 73.7 ± 10 million years ago (Whitfield, 2002) .
Here we isolate one CvBV gene with homology to IκBs, and its genomic organization, expression patterns and subcellular location are investigated. The species of Cotesia we are studying here has commonly been referred to as C. plutellae (Kurdju-mov), but should be referred as C. vestalis (Haliday) (Shaw, 2003) .
Results

Molecular characterization of CvBV805 gene
A cDNA library was constructed from CvBV specific mRNA expressed 6 h post-parasitization (p.p.) Screening this library allowed identification of one unique cDNA clone, CvBV805 (GenBank accession no. EU095951). Blasting this sequence indicated that open reading frame of CvBV805 was located on CvBV genome segment S8 (10,763 bp), from 8358 bp to 8735 bp.
The CvBV805 had a size of 909 bp and was predicted to encode a 125 amino acid protein with a molecular mass of 14.31 kDa ( Fig. 1 ). Two potential polyadenylation signals (AATATA and ATTAAA) were found at 447 and 465 nt downstream of the translation stop codon TAG. Computer analysis of CvBV805 amino acid sequence predicted an ankyrin motif at aa 2-98. No signal peptide or transmembrane domain was observed. Other putative functional sites were predicted, including three casein kinase II phosphorylation sites at aa 12-15, aa 53-56, aa 109-112, two N-myristoylation sites at aa 28-33, aa 96-101, a Nglycosylation site at aa 51-54 and a protein kinase C phosphorylation site at aa 120-122.
Phylogenetic relationship between CvBV805 and homologous genes in braconid polydnavirus
Homologs of CvBV805 were found among CvBV, CcBV, Microplitis demolitor bracovirus (MdBV) and Toxoneuron nigriceps bracovirus (TnBV) by BLASTP searches with an Evalue cut-off of 10 − 8 (Fig. 2) . These homologs had different protein lengths ranging from 125 aa to 352 aa with identities from 43% to 97%. There were 6 amino acids conserved in 22 protein sequences.
CvBV805 had the highest identity, up to 97%, with the sequences of hypothetical protein CvBV ORF901, which was on CvBV genome segment S9. For phylogenetic analysis, a maximum parsimony tree was generated using PAUP ⁎ 4.0 from the alignment of the homologous protein sequences retrieved by BLASTP analysis using CvBV805 as query. The tree length of the MP tree was 1468, CI (excluding uninformative characters) was 0.7314 and HI (excluding uninformative characters) was 0.2686. The topology of the MP tree demonstrated that all the homologous sequences comprised two groups, one was composed of CvBV805, CvBV901, CvBV803 and CvBV902, and the rest formed the other group (Fig. 3 ).
Comparison of mRNA expression in parasitized and non-parasitized host larvae
Non-quantitative RT-PCR was used with gene-specific RT-PCR primers to examine temporal expression patterns of CvBV805 mRNA in different tissues of parasitized larvae and non-parasitized larvae (Fig. 4 ). RT-PCR using CvBV805 specific primers did not produce any PCR products in the non-parasitized P. xylostella larvae. Transcripts of CvBV805 were detected in brain and hemocytes of parasitized P. xylostella, but not detected in their midgut, and the expression pattern of CvBV805 in the brain was quite similar to the pattern found in hemocytes but transcription peaks appeared at different times. The transcription of CvBV805 was sustained for 24 h p.p. in both brain and hemocytes. The transcription peak of CvBV805 in the brain appeared at 2 h p.p. whereas in hemocytes it appeared at 12 h p.p.
Immunodetection of CvBV805
To determine whether CvBV805 was expressed in parasitized larvae, hemocytes extracted from host larvae at 12 h p.p. were subjected to western blot analysis and detected with immune antisera. The protein was recognized by polycloned antibody of His-CvBV805 ( Fig. 5 ), whereas the same tissue extracted from non-parasitized larvae did not produce a signal on immunoblot. To determine whether CvBV805 was correctly expressed in Tn-5B1-4 cells, the cells infected with recombinant Bacmid were harvested and subjected to western blot analysis and detected with immune antisera. The protein was also recognized by polyclonal antibody of His-CvBV805, whereas the sample from non-infected Tn-5B1-4 cells did not produce a signal (Fig. 5 ).
Subcellular localization of CvBV805
The subcellular localization of CvBV805 in hemocytes of P. xylostella larvae was investigated by using a confocal laser scanning microscopy. As DAPI (red) can specifically stained the nuclear region of cells ( Fig. 6C ), the overlay of FITC (green) on DAPI ( Fig. 6D ) indicated that CvBV805 was presented in the nuclear region of CvBV-infected hemocytes of parasitized larvae. High levels of CvBV805 were observed within the nuclear region (Figs. 6B-D).
Discussion
C. vestalis polydnavirus (CvBV) plays a key role in the suppression of the host immune system. Previously we demonstrated that calyx fluid/PDVs of C. vestalis could cause extensive damage to hemocytes with large amounts of cell debris appearing in the culture medium, including disintegration, damaged plasma membranes, the formation of multivesicular bodies and intracellular vaculoles (Yu et al., 2007) . But how CvBV is involved in a diverse set of host immunosuppressive functions is still largely unknown .
Much research have been carried out on gene characteristics and function of PDVs in other parasitoid-host systems, and a number of polydnavirus genes have been confirmed as playing a role in host immunosuppression, such as the IκB-like gene of MdBV (Thoetkiattikul et al., 2005) , glc 1.8 of MdBV (Trudeau et al., 2000) and CrV1 of Cotesia sesamiae polydnavirus (CsBV) (Gitaua et al., 2007) .
Here we isolated and characterized a new CvBV transcript, named CvBV805, expressed in P. xylostella. Blast searches showed that CvBV805 is located on CvBV genome segment S8 and its highly similar homologous sequences were found on segments S8 and S9. Previously, gene duplication was found in BVs and IVs and each pair of duplicate genes is categorized as follows: (1) tandem gene duplication; (2) segmental duplication or (3) unresolved between the two hypotheses (Friedman and Hughes, 2006; Hilgarth and Webb, 2002; Provost et al., 2004 ). The pair of CvBV805 genes favors the hypothesis of segmental duplication. CvBV805, CvBV901, CvBV902 and CvBV803 show high similarity with each other, and Choi et al. (2005) demonstrated that CvBV genome segments S8 and S9 have different digestion patterns, so these segments should be different segments. Fig. 5 . Western blot analysis of CvBV805 in haemolymph cells of host larvae. The hemocytes were collected at 12 h p.p., and the samples were subjected to western blot analysis using anti-His-CvBV805 serum. Line 1 for pET28-CvBV805, line 2 for haemolymph from P. xylostella larvae parasitized by C. vestalis, and line 3 for hemocytes from non-parasitized P. xylostella larvae. Lines 4-5 for rBac-eGFP-CvBV805-infected Tn-5B1-4 cells and non-infected cells, respectively. The binding was developed with diaminobenzidine (DAB) as a chromogenic substrate. Protein markers were indicated on the left. Through analyzing the amino acid sequence of CvBV805 and its homologs, we found that they all contained ankyrin repeat domains. The ankyrin repeat is one of the most common protein-protein interaction motifs in nature (Mosavi et al., 2004) . They are tandemly repeated modules of about 33 amino acids and occur in a large number of functionally diverse proteins mainly from eukaryotes (Girina and Pavletich, 1996) . The few known examples from prokaryotes and viruses may be the result of horizontal gene transfers (Bork, 1993) . Ankyrin repeats have been found in numerous proteins with functions associated with cell-cell signaling, cytoskeleton integrity, transcription and cell-cycle regulation, inflammatory response, development, and various transport phenomena (Mosavi et al., 2004) . Of the ankyrin repeat proteins that have been characterized, a unifying trait is that they typically function in mediating specific protein-protein interactions, therefore ankyrin repeats cannot adopt a folded structure unless they share an interface with another repeat (Zhang and Peng 2000; Mosavi et al., 2002) . The ankyrin repeat is found in a number of biologically important proteins, such as IκB, an inhibitor of transcription factor Nf-κB, that regulates inflammatory response (Mosavi et al., 2004) . There are five IκB proteins in mammals, IκBα, IκBβ, IκBγ, IκBε, and Bcl-3, and one IκB protein (Cactus) in Drosophila melanogaster; all other IκB proteins have a central ankyrin repeat domain, but differ from IκBα and IκBβ at their N-and C-terminal domains. IκB proteins form complexes with NF-κB dimers, with ankyrin repeats in direct contact with re1 homology domains. This interaction is essential to keep NF-κB dimers in the cytoplasm, thus physically sequestrating them from their transcriptional target (Xiao and Ghosh, 2005) . Based on the predicted result by ProtFun (http://www.cbs.dtu.dk/services/ProtFun/), CvBV805 containing ankyrin repeat domain might be a growth factor protein in "Gene Ontology Category" and play a role during amino acid biosynthesis in "Functional Category", therefore we suggested that CvBV805 and IκB have similar functions. Non-quantitative RT-PCR analysis revealed that gene transcripts of CvBV805 were detected in brain and hemocytes of host larvae as early as 2 h p.p. and continued for several hours. Transcription in the host stopped after 24 h postparasitization. Thoetkiattikul et al. (2005) reported that the MdBV encodes a family of genes with homology to inhibitor kappaB (IκB) proteins from insects and mammals, and demonstrated that they are involved in the suppression of the host insect's immune system. Based on our own results and its transcription in the host, we conclude that CvBV805 might be involved in early host immunosuppression.
The size of the immunoreactive protein (17 kDa) in the host hemocytes nearly corresponded with the predicted molecular weight (14.31 kDa) of CvBV805. This suggested that the protein did not undergo extensive post-translational modification, despite the presence of many putative post-translational modification sites. The size of the immunoreactive protein (about 56 kDa) in Tn-5B1-4 cells infected by rBac-eGFP-CvBV805 was slightly larger than the predicted protein and eGFP combination, indicating that the post-translational modification in Tn-5B1-4 cells was also limited.
We used laser confocal microscopy to visualize the distribution of CvBV805 in the hemocytes of P. xylostella parasitized larvae. Fluorescence clearly demonstrated that this gene product was present in the nuclear region. However, more work needs to be done about the exact function of CvBV805 in the future. 
Materials and methods
Insect collection and rearing
Pupae and parasitized larvae of P. xylostella were initially collected from cabbage fields in the suburbs of Hangzhou, Zhejiang province, China. Subsequently, both P. xylostella and its parasitoid, C. vestalis, were raised on cabbage grown at 25 ± 1°C, 65% relative humidity, and 14 h light:10 h dark. Adult wasps were fed with 20% (v/v) honey solution and propagated using P. xylostella larvae as hosts. To obtain parasitized larvae, an individual P. xylostella larva was exposed to a single C. vestalis female within a 10 mm × 80 mm test tube to ensure 100% parasitization. After a single oviposition was observed, each parasitized larva was removed from the test tube and reared on cabbage.
Virus purification and viral DNA isolation
PDV virons and viral DNA were collected from 200-300 2day-old female wasps as previously described by Beckage et al. (1994) and Chen and Gundersen-Rindal (2003) . Briefly, each pair of ovaries was dissected in a 10 μl drop of cold PBS and punctured individually with forceps, causing the calyx fluid to diffuse into the PBS drop. The calyx fluid was filtered through a 0.45 μm filter to remove eggs and cellular debris. Filter-purified viral fluids were incubated in an equal volume of extraction buffer (4% sarcosyl, 1% SDS, 50 mM EDTA, 10 mM Tris, 0.2 M NaCl, 20 μg RNase ml − 1 , 50 μg proteinase K ml − 1 ) at 50°C for 2 h, followed by two extractions with ultrapure buffer-saturated phenol (Invitrogen). DNA was precipitated in 2 vols of cold ethanol and centrifuged at 15,000 r.p.m. for 30 min. The viral DNA pellet was resuspended in TE buffer and stored at 4°C.
Preparation of CvBV probe
CvBV DNA was double digested with BamHI and HindIII and labeled with 32 P using Random Primer DNA Labeling Kit Ver. 2.0 (TaKaRa) according to the manufacturer's instructions.
cDNA library construction
The cDNA library was prepared using SMART cDNA Library Construction Kit following the manufacturer's protocols (Clontech). Briefly, first-strand cDNAs were synthesized from 2 μg of total RNA isolated from parasitized P. xylostella 6 h p.p. using Powerscript Reverse Transcriptase, then the first-strand cDNAs were amplified according to LD (Long-distance) PCR protocol (Clontech) with Advantage 2 Polymerase. The double strand cDNAs from LD PCR were digested by proteinase K and then the cDNAs were extracted with phenol-chloroform. The products were digested with SfiI enzyme and were then size-fractioned by the column CHROMA SPIN-400 to remove small fragments. The wanted fractions were extracted and cloned into SfiI digested λ TriplEx2 vector, and packaged using Gigapack III Gold Packaging Extract (Stratagene). The original library was amplified and titered according to the manufacture's protocol.
The titer of the library was 1 × 10 6 pfu/ml and after amplification it reached 1 × 10 10 pfu/ml. The percentage of the recombinant clones was 100% in more than 800 plaques tested.
Library screening
For screening the library, approximately 4 × 10 5 phages were plated on eight LB plates. The plaques were transferred to positively charged nylon membranes (Millipore), and the phage DNAs were denatured, neutralized and UV cross-linked to membrane according to standard procedures. Hybridization screening of the library using CvBV probe was conducted using the method described by Chen and Gundersen-Rindal (2003) . The positive clones confirmed by secondary screening were converted to pTriplEx2 by infecting Escherichia coli BM25.8, according to the manufacturer's instructions (Clontech).
Computer analysis
CvBV805 and deduced amino acid sequence were analyzed using DNASTAR programs (Version 5.02) (DNASTAR, Inc., Madison, USA). The functional domain, motif and posttranslational modifications of CvBV805 were conducted with the programs ScanProsite, Motifscan, SignalP and Net-Phos online (http://www.ca.expasy.org). Homologous protein sequences compared with entries in the updated GenBank/ EMBL, SWISS-PROT and PIR databases were performed with BLAST and PSI-BLAST programs with an E-value cut-off of 10 − 8 (Friedman and Hughes, 2006) and sequence alignment was performed with Clustal X version 1.81 using default parameters (Thompson et al., 1997) and edited by GeneDoc (Version 2.04) (Free Software Foundation, Inc., MA, USA). Parsimony analyses were conducted with the program PAUP ⁎ 4.0 program (Swofford et al., 1996) , and bootstrap analysis provided support values for the branches (Felsenstein, 1985) .
RNA isolation
Total RNAs from P. xylostella larvae were isolated with RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions. For analyses of gene expression in different tissues of different time periods post-parasitization, the tissues of host haemolymph, brain and midgut were collected at 2 h p.p, 6 h p.p., 12 h p.p., 24 h p.p., 48 h p.p. and 144 h p.p. RNA samples were eluted in DEPC-treated water. As controls, RNA samples were also collected from non-parasitized larvae. The quality of RNA samples was confirmed by formaldehyde gel electrophoresis.
RT-PCR analysis
Primer A (5′-ATGCTAAATGCCAACAGTGTACACA-3′) and primer B (5′-CATCTTATCATCCCTGGCGAAG-3′) were designed to amplify 250 bp PCR products for CvBV805. Total RNAs from P. xylostella larvae at various time points and different tissues were treated with RNase-free DNase (TaKaRa) to eliminate DNA contamination and used as templates in nonquantitative RT-PCR, which was performed according to the manufacturer's protocol using RT-PCR Kit (QIAGEN). Cycling conditions were 95°C for 15 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 1 min with a final elongation at 72°C for 10 min. β-tubulin gene of P. xylostella was used as an internal control. Primer C (5′-CCCTTCCCGCGTCTGCACTTC-3′) and primer D (5′-GCCCTCGCCGGTGTACCAATG-3′) for β-tubulin gene were designed according to the conserved domains of insect β-tubulin genes (Kawasaki et al., 2003) . 414 bp PCR product (GenBank accession no. EU127912) was amplified and BLAST searches of the sequence showed 95% identity with Bombyx mori β-tubulin gene. RT-PCR primer E (5′-GACG-CATGTCCATGAAGGAG-3′) and primer F (5′-CCAATGCAA-GAAAGCCTTGC-3) for β-tubulin gene were designed according to this sequence. Products were separated by electrophoresis on 1% agarose gels containing ethidium bromide and visualized on a UV transilluminator.
Generation of anti-CvBV805 antiserum and immunodetection
The complete CvBV805 coding sequence was amplified by PCR using an upstream primer G (5′-GACTGGATCC ATGCTAAATGCCAACAGTGTACACA-3′) incorporating a BamHI site (underlined) and a downstream primer H (5′-CTAGCTCGAGCAACTGAAGCCTTTGAGTCTTGC-3′) with an XhoI site (underlined). The amplified fragment was inserted into pGEM-T easy vector (Promega, USA). The insertion was retrieved by digestion with BamHI and XhoI, and was subcloned into the expression vector pET-28(a) (Pharmacia, USA), in-frame with the C-terminal of His tag in the plasmid. The recombinant plasmid, designated as pET-CvBV805, was transformed into E. coli BL21 cells, and fusion protein expression was induced by incubation in the presence of 1 mM IPTG when the optical density value reached~0.7 at the OD600. The pET-CvBV805 fusion protein was confirmed with the mouse monoclonal anti-His antibody (Sigma). The recombinant CvBV805 protein was purified using His Trap™ HP kit (Amersham) and used as an immunogen to raise CvBV805-specific antiserum in male rabbits. Five injections each with 200 μg purified His-CvBV805 fusion protein was applied to each rabbit. For the first and second injections, the complete Freund's adjuvant (Sigma) and incomplete adjuvant (Sigma) were added, respectively.
For immunodetection, hemocytes of non-parasitized and parasitized hosts were collected at 12 h p.p., and protein samples were separated by SDS-PAGE and transferred onto a PVDF membrane (Bio-Rad, USA) by semi-dry electrophoresis transfer (Bio-Rad, USA). The membrane was incubated overnight in 5% skimmed milk powder in PBST at 4°C and reacted with the anti-CvBV805 polyclonal antiserum followed by incubation with a goat anti-rabbit IgG conjugated to HRP (Sigma). The signal was detected with a DAB substrate.
CvBV805 expressed in insect cells by Bac-to-Bac expression system
CvBV805 fused with enhanced green fluorescence protein (eGFP) was expressed in the Trichopolusia ni cell line Tn-5B1-4. The recombinant donor vector pFastBacHTb (Invitrogen) was reconstructed to contain eGFP and CvBV805, designated pBacHTeGFPT-CvBV805.The plasmid of pBacHTeGFPT-CvBV805 was transformed into DH10 Bac E. coli (Invitrogen) to generate recombinant Bacmid DNA. The recombinant baculovirus Bacmid extracted from the cells was checked by PCR using CvBV805 primers and PUC/M13 primers, respectively, designated rBac-eGFP-CvBV805. For GFP-CvBV805 expression, a monolayer of Tn-5B1-4 cells was transfected with rBac-eGFP-CvBV805. Cells infected with recombinant Bacmid were harvested for 12% SDS-PAGE analysis. Cells infected with rBac-eGFP were used as controls.
Immunofluorescence staining and confocal laser scanning microscopy Hemocytes of P. xylostella larvae were extracted from a cut proleg at 48 h p.p. and then fixed for 15 min in formaldehyde on ice. Fixed cells, blocked in 1% bovine serum albumin in PBS, were incubated overnight at 4°C with rabbit antiserum (1:1000) that recognized recombinant CvBV805. After washing three times in PBS, cells were incubated with FITC-conjugated goat anti-rabbit (1:2000) secondary antibodies. Incubation of cells with preimmune rabbit serum and secondary antibodies served as the negative control.
Samples were examined on a Leica TCS scanning confocal microscope, and images were processed with Leica and Adobe Photoshop software.
